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Abstract 

Fixed  frequency  laser  photoelectron  spectrometry  and  variable  frequency 
laser  photodetachment  and  photodestruction  spectroscopy  of  the  ozonide  ion, 
0j”,  have  been  accomplished.  The  electron  affinity  of  ozone  is  measured  to 
be  EA(O^)  = 2.1028(25)  eV,  in  good  agreement  with  previous  measurements  of 
less  accuracy.  Progressions  in  the  spectra  are  analyzed  to  yield  the 
symmetric  stretching  frequency  and  the  bending  frequency  of  the  ozonide 
ion  to  be  982(30)  cm  * and  550(50)  cm  ^ respectively.  While  no  evidence, 
is  found  for  a long  lived  excited  electronic  state  of  0^  , an  excited 
electronic  state  of  neutral  ozone  is  found  roughly  0.7  - 1.1  eV  above  the 
ground  state.  Models  for  the  dissociation  of  0^  are  examined  to  explain 
why  the  photoclectron  and  photodetachment  spectra  fail  to  show  a strong 
progression  in  the  symmetric  bending  vibrational  mode.  Attempts  to  measure 
the  electron  affinity  of  CO^  were  unsuccessful.  Limits  placed  by  this 
attempt  and  our  EA(O^)  value  are  invoked  in  a discussion  of  some  recent 
disagreements  in  the  literature  on  the  thermochemistry  of  CO^  and  0^  . 


I.  INTRODUCTION 


Ozone  and  its  negative  ion  play  an  important  role  in  the  chemistry  of 

the  upper  atmosphere.^-  Consequently  there  has  been  a large  investment  of 

experimental  effort  in  the  study  of  the  thermochemistry  and  spectroscopy 

of  0^  and  0^  . The  kinetic  measurements  Include  the  study  of  the  reaction 

O3  + COj  ■+  CO3  + O2  using  a variable-temperature  flowing  afterglow 
2 

apparatus,  mass  spectrometric  studies  of  the  reactions  of  neutral  ozone 

3 

with  a scries  of  negative  ions  and  threshold  measurements  for  collision- 
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induced  dissociation  of  0^  upon  impact  with  various  target  gases.  The 

spectroscopic  studies  include  measurement  of  the  photodissociation  cross 

section"*  7 (0^  + hv  •>  Oj  + 0 ) , observations  of  excited  states  in 

neutral  ozone  near  the  dissociation  limit  using  electron  energy  loss 

8 — — 
spectroscopy,  and  measurement  of  the  photodetachment  of  0^  (0^  + hv  ■* 

- 9 10 

O3  + e ) using  drift  tube  techniques  and  a series  of  colored  filters.  ’ 

The  present  study  consists  of  two  independent  crossed  ion  beam-laser 

beam  photodetachment  experiments  on  0^  . In  the  first  experiment  (laser 

photoelectron  spectrometry)  a fixed  frequency  Ar+  laser  beam  is  crossed  with 

a mass  selected  beam  of  0^  and  the  resulting  photodetached  electrons  are 

energy  analyzed  with  a resolution  of  approximately  60  meV  (480  cm  ^). 

In  the  second  experiment  (tunable  laser  photodetachment)  the  beam  from  a 

tunable  cw  jet  stream  dye  laser  with  a resolution  of  between  1-10  cm  ^ 

(0.1  - 1.2  meV)  is  crossed  with  the  mass  selected  ion  beam.  Two 

different  neutral  particles  ean  be  produced,  0^  resulting  from  photodetachment, 

and  O2  resulting  from  photodissociation.  Both  O3  and  O2  are  detected 

t 

together,  providing  a measurement  of  total  photodestruction  cross  section, 
as  a function  of  laser  frequency.  The  photodetached  electrons  are  also 
counted  (but  not  energy  analyzed)  as  a function  of  the  frequency  of  the  laser, 
resulting  in  a measurement  of  the  threshold  photodetnehment  cross  section. 


Our  Initial  motivation  for  the  study  of  the  photodetachment  of  0^ 
was  to  provide  an  accurate  value  for  the  electron  affinity  of  ozone.  This 
was  deemed  necessary  because  of  the  significant  differences  among  the 

• t 

the rmochemlcal  data  generated  by  some  of  the  kinetic  and  spectroscopic 

studies.  The  value  of  the  electron  affinity  of  ozone  has  been 

used  to  complete  thermochemical  cycles  to  deduce,  for  example,  the 

dissociation  energy  of  0^  , D^fO^-O  ) values  of  which  vary  between  an 

2 5 

upper  limit  of  1.3  eV  and  lower  limit  of  1.6  eV.  ' The  collision  induced 

dissociation  experiments^  determine  this  energy  to  be  1.8  ± 0.1  eV.  Prior 

to  this  study,  the  most  definitive  determination  of  the  electron  affinity 

of  ozone  was  given  by  the  onset  of  0^  photodetachment  in  a drift  tube 

q 

with  a broadband  light  source,  resulting  in  EAfO^)  ■ 1.99  ± 0.1  eV. 
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II.  EXPERIMENTAL 

A.  Laser  photoelcctron  spectrometry 

The  fixed  frequency  photodetachment  apparatus  has  been  described 
11  o 

previously.  Ozone,  evolving  from  a cooled  (-77  C)  silica  gel  surface,  is  burneo 
in  a.  low  pressure  (J  Torr)  electrical  discharge  ion  source  to  produce  beams  of  0^” 
03  + e ■*  0 + (^  f°H°we<l  by  0 + 0^  -►  0^  +0  is  the  likely  ion  production 
scheme.  The  ions  are  extracted  from  the  source,  accelerated  to  680  eV,  and 
mass  analyzed  by  an  E*B  (Wien)  filter.  Beams  of  0^’  of  10-100  nA 
are  crossed  in  a field  free  interaction  region  by  the  intracavity  beam  of 
a cw  Ar+  laser,  and  the  electrons  ejected  into  the  acceptance  angle,  of  a 
hemispherical  electrostatic  energy  selector  are  energy  analyzed  with  a 
resolution  of  60  meV  FWHM.  At  this  resolution  the  many  rotational  components 
of  a single  vibronic  transition  are  smoothed  to  a nearly  Gaussian  peak  shape. 

The  Ar+  laser  is  operated  on  a single  lino  (with  the  ion  beam  inside  the 
laser  cavity)  at  either  4880  X (2.540  eV)  or  in  the  UV  at  3638  X (3.407  cV) . 

A reflective  beam  expander  is  used  intracavity  to  match  the  laser  beam  to 

\ 

the  ion  beam.  Single  line  operation  in  the  visible  is  achieved  with  the 
usual  Littrow  prism.  Wavelength  selective  reflective  coatings  are  used 
for  single  line  uv  operation.  The  single  line  performance  is  checked  with 
a spectrometer  and  by  insuring  that  the  photoelectron  spectrum  of  0 
consists  of  a single  peak.  Circulating  powers  are  ~200  W in  the  visible  and 

t 

~10  W in  the  ultraviolet. 

- • 

The  spectra  are  "self  calibrated"  in  that  along  with  photodetachment, 
photodissociation  occurs;  0^  + hv  ->  0^  + 0 followed  by  photodetachment 

of  the  oxide  ion,  0 + hv  0 + e , results  in  u substantial  0 photodetachment 
signal  when  0^  is  irradiated.  The  effective  (weighted  average  of  the  fine 
sliucture  components)  electron  affinity  of  atomic  oxygen  is  known  precisely, 


1 


E.A.(O)  - 1.465  cV.1:i  The  absolute  detachment  energies  ol  peaks  In  the  spectra 

are  determined  by  ■ E.A.  (0)  + 1.044(flg_  - 11  ) where  i*  the  laborato 

energy  difference  between  the  0~  peak  center  and  a particular  X peak  center. 

The  factor  1.044  Is  an  energy  scale  compression  factor  calculated  by  calibrating 

an  02"  photodetachment  spectrum  (also  conveniently  produced  by  the  burning  of 

3 1 

ozone  under  identical  source  conditions)  against  the  known  0o  E(v**l),  A(v»l) 

13  11 

splitting.  The  usual  kinetic  shift  correction  term  is  not  present  in 

the  above  expression  because  the  velocity  of  0^  and  of  the  0 resulting 
from  photodissociation  are  essentially  identical.  In  both  this  apparatus  and 
the  tunable  laser  apparatus,  approximately  30  psec  elapse  between  ion  formation 
and  interaction  with  the  laser  beam. 

B.  Tunable  laser  photodetachment 

The  tunable  laser  photodetachment  apparatus  has  also  been  described 

14 

elsewhere.  This  apparatus  is  capable  of  simultaneous  detection  of  both 

the  electrons  and  the  neutral  products  of  photodetachment  and  photodissociut ion. 

0^  is  produced  as  in  part  A and  mass  selected  through  a 90°  sector 
magnet.  Beams  of  0^  of  approximately  10  nA  and  an  energy  of  1000  eV 
are  crossed  with  the  intracavity  radiation  of  an  Ar+  pumped  cw  Jet  stream 
dye  laser  using  either  Rhodamine  6G  or  Rhodamine  110  as  the  lasing  medium. 

The  dye  laser  Is  used  intracavity  by  replacing  the  3X  transmitting  flat 
output  mirror  with  a >99. 5X  reflective  one  meter  radius  of  curvature  back 
mirror  to  extend  the  length  of  the  laser  cavity  by  one  meter.  The  ion  and 
laaer  beams  cross  at  90®  in  an  interaction  region  which  consists  of 
cylindrical  block  machined  from  a single  piece  of  molybdenum  (to  avoid 
spurious  electric  fields)  with  appropriate  aperture  holes  for  the  beams 
and  for  the  draw  out  of  photodetached  electrons.  While  complete  energy 
analysis  of  the  detached  electrons  is  not  attempted,  it  is  possible  and 
advantageous  to  discriminate  between  fast  and  slow  (<100  meV)  electrons. 
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By  choosing  to  observe  only  slow  electrons,  threshold  features  in  the 
photodot  achnuni  cross  section  can  be  observed  with  an  enhanced  slgnal-to- 
noise  ratio.  Such  features  result  from  the  opening  of  a now  channel, 
generating  slow  electrons  at  or  near  threshold  for  that  channel.  By 
observing  primarily  the  slow  electrons,  these  thresholds  can  be  observed 
without  being  swamped  by  the  fast  electrons  from  the  sum  of  all  the 
previously  opened  channels.  This  selection  is  accomplished  by  supplying 
a very  weak  extraction  field  (~1  V/m)  which  will  extract  slow  electrons 
from  the  interaction  region  while  fast  electrons  are  largely  unaffected  by 
the  field  and  primarily  strike  the  walls  of  the  interaction  region  where 
they  me  absorbed  by  the  gold-blacked  surface  of  the  molybdenum  cylinder. 

Along  with  photodetachment,  photodlssociat ion  of  0^  to  produce  molecular 
oxygen  and  the  atomic  negative  ion  may  occur.  All  the  heavy  particles,  the 
negative  Ions  0^  and  0 and  the  neutrals  0^  and  0>t  travel  through  the 
interaction  region  to  a heavy-particle  separator  which  consists  of  various 
electrostatic  deflection  plates  as  described  in  Ref.  14a.  The  undeflected 
neutral  molecules  (with  typical  kinetic  energy  of  700-1000  eV)  are  detected 
by  secondary  electron  emission  using  a continuous-dynode  electron  multiplier. 

The  neutral  detection  scheme  thus  does  not  differentiate  between  phot odetachment 
and  photodissociation  but  measures  their  sum,  the  photodestruction  cross 
section.  The  negative  ion  flux,  completely  dominated  by  unaffected  0^  , is 
deflected  by  the  heavy-particle  separator  Into  a Faraday  cup. 

The  electron  channeltron,  the  neutral  molecule  electron  multiplier, 
and  the  negative  ion  Faraday  cup  are  all  Interfaced  to  a PDP-8E  computer. 

The  computer  also  monitors  the  laser  flux,  controls  the  tunable  laser 
frequency,  and  makes  appropriate  background  corrections  to  the  detected 
signal  levels. 
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III.  RESULTS 

A.  Laser  photoelectron  spectra 

Figure  1 shows  the  0^  photoclect ron  spectrum  obtained  with  ~200 

circulating  watts  of  2.540  eV  photons,  and  Fig.  2 that  obtained  with 

~10  circulating  watts  of  3.407  eV  photons.  The  spacing  of  the  main 

progressions  in  the  figures  are  indicative  of  the  symmetric  stretch  in 

the  neutral  and  negative  ion.  In  the  figures  we  use  the  notation  1^ 

to  represent  0^  (v^  * a,  0,  0)  O^v^  E b,  0,  0)  and  2^  to  represent 

0^  (0,  Vj  “ a,  0)  -*■  03(0,  v?  = b,  0).  By  fitting  Gaussian  peak  shapes  to 

the  observed  spectra  we  find  the  splitting  between  the  peaks  labeled  1* 

and  0-0  is  1090(30)  cm  * and  the  splitting  between  the  peaks  0-0  and  1^ 

is  1040(60)  cm  ^ . Since  the  v.  symmetric  stretching  frequency  in  neutral 

— 

ozone  is  known  to  be  1103  cm  ^ from  infrared  spectra*"5, ^ we  can  make  the 
tentative  identification  that  the  peak  labeled.  0-0  is  in  fact  the 

03“(v1=0,v2=0,v3='0)  -»  03(v1=0,v2=*0,v3=0) 

transition.  This  identification  and  the  electron  kinetic  energy  at  peak 
center  give  the  electron  affinity  of  ozone  to  be  2.124(30)  eV  uncorrected 
for  rotational  effects;  upon  incorporation  of  rotational  corrections,  we 

obtain  EA(03>  **  2.103(20)  eV  (see  next  section;  there  we 

also  give  a more  precise  value  of  the  electron  affinity  deduced  from  the 

tunable  laser  experiments).  The  progression  on  the  low  electron  energy 
side  of  the  0-0  peak  is  identified  as  the  progression  in  of  03>  and  the 
peaks  to  the  high  electron  energy  side  of  the  0-0  peak  are  the  progression 
and  their  associated  sequence  bands  in  the  symmetric  stretch  of  03 
(hot  bands)  with  a frequency  v^(03  ) ° 1040(60)  cm  * . Matrix**  and 
crystal  ’ studies  place  this  number  between  1012  and  1032  cm 
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Whlle  the  gas  discharge  ion  source  produces  ions  in  an  unknown  distribution 

of  initial  vibrational  states,  peaks  in  the  photoclcctron  spectra  can 

frequently  be  recognized  as  arising  from  hot  bands  if  they  vary  relative 

to  other  peaks  as  ion  source  operating  conditions  are  charged.  This 

procedure  is  only  qualitative;  the  most  effective  step  is  to  vary  the 

ion  vibrational  "temperature"  by  changing  the  potential  which  extracts  the 

ions  from  the  high  pressure  source  into  the  "collision  free"  part  of  the 

beam  machine.  The  assignment  of  the  transitions  labelled  1^,  1^,  and  3^ 

as  arising  from  excited  vibrational  levels  was  confirmed  by  altering  the 

ion  beam  vibrational  "temperature"  by  large  changes  in  this  extraction  voltage. 

It  was  possible  to  vary  the  beam  temperature  in  this  way  from  approximately 

1000  to  600  K and  to  observe  the  change  in  the  relative  intensity  of  the 

12  3 

hot  bands  with  respect  to  the  0-0,  1^,  1^,  1 peaks,  the  progression  in 
Vj  of  neutral  ozone. 

The  asymmetric  stretch,  v^,  transforms  as  the  irreducible  representation 

B2  of  group  C2V  and  as  such  only  transitions  of  zero  or  an  even  number  of 

quanta  have  nonzero  Franck-Condon  overlaps.  Furthermore  as  long  as  both 

0^  and  Oj  have  symmetry  C2v  the  intensity  for  Av^  ■ ±2,  ±4...  will  be  very 

small  with  respect  to  the  intensity  of  Avy1  0,  even  for  the  case  where 

there  is  a sizeable  displacement  in  the  equilibrium  bond  lengths  of  the 

neutral  and  the  negative  ion.  This  is  because  the  potential  minimum  occurs 

at  the  same  value  of  the  v-  normal  coordinate  (namely  zero)  for  both  the 

J *•  • * 

neutral  and  the  ion  (see  Ref.  20,  pp.  151-153).  The  net  effect  of  all  this 

••• 

is  that  a progression  in  should  not  be  present  in  the  photoelectron  spectra. 

It  should  be  noted  that  the  photoelectron  spectra  show  no  evidence  of 
a progression  in  Vj,  the  symmetric  bend.  There  is  no  group  theoretic  reason 
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fi>r  this,  ami  indeed  the  photoelec  iron  spectrum  of  the  related  negative 
ion  SO^  very  clearly  shows  u progression  in  both  and  The 

explanation  for  the  lack  of  a v?  progression  in  the  spectra  will  be  sought 
in  the  dynamics  of  the  photodetachment/photodissociation  process  for 
in  a later  section. 

Figure  2 shows  an  unassigned  series  of  peaks  at  election  kinetic 

energy  of  between  0.5  and  0.8  eV.  These  peaks  correspond  to  a new 

electronic  state  of  neutral  ozone,  a state  that  most  probably  is  not 

optically  accessible  from  the  ground  state  of  ozone.  We  cannot  assign  the 

0-0  band  and  so  cam  t make  a more  definite  energy  assignment.  It  appears 

that  this  state  is  perhaps  0.7  to  1.1  eV  (0000-9000  cm  above  the  ground 

state.  (The  lowest  known  excited  electron  state  of  ozone  is  10,000  cm 

above  the  X^A,  state.)  Recent  calculations  suggest  that  a symmetrical 

21-24 

state  of  neutral  ozone  (D-j)  might  lie  at  or  about  this  energy. 

Ttiplel  states  also  lie  in  this  region,  and  might  he  responsible  for 
the  progression. 

The  last  feature  of  the  phoroelectron  spectra  that  requires  explanation 

I 

is  the  single  sharp  peak  of  Fig.  i at  an  electron  kinetic  energy  of  1.07  eV. 

As  was  briefly  discussed  in  the  experimental  section  this  is  the  single  peak 
of  the  photoelectron  spectrum  of  the  negative  ion  of  atomic  oxygen.  The 
intensity  of  this  peak  is  quadratic  in  the  laser  flux,  indicating  that  two 

| 

photons  are  required.  The  processes  involved  are  photodissociation  of  the 
ozonlde  ion 

03"  + hv  -*•  02  + 0~ 


followed  by  photodetachment  of  the  oxide  ion 

0 + hv  •»  0 + e 

_ 1 J 


t 
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Bccause  of  our  lack  of  knowledge  of  the  detailed  geometry  of  t l»o  laser 
beam-ion  beam  overlap  we  cannot  use  the  intensity  information  to  extract 
relative  photodlssociat ion/photodetachment  cross  sections  for  0^  . It  is 
clear  however,  that  for  2.540  eV  photons  that  the  cross  section  for 
photodissociation  is  much  larger  than  that  for  photodetachment.  This 
resul  t has  been  pointed  out  by  other  authors. 

The  cross  section  for  photodetachment  of  0 in  this  photon  energy 

18223  _ 

range  is  known  to  be  6 x 10  cm  . By  comparing  the  intensity  of  0 

detachment  from  a mass  selected  0 beam  (not  from  photodissociatcd  0_  ) 

to  the  integrated  intensity  of  the  0^  detachment  signal  we  can  deduce 

that  the  cross  section  for  photodetachment  of  0^  with  2.540  eV  photons  is 

—1 8 2 
about  1 x 10  cm  . 

We  also  made  an  unsuccessful  attempt  to  measure  the  electron  affinity 

of  C0^  by  photoelectron  spectroscopy  of  C0^  prepared  from  either  pure 

CO2  or  from  a mixture  of  COj  and  0^  in  the  source.  In  the  latter  case  no 

photodctached  electrons  could  be  detected,  implying  either  that  the  cross 

-20  2 

section  for  photodetachment  with  3.407  eV  photons  is  less  than  10  cm 
or  that  EA(CO^)  > 3.1  eV  (there  is  a low  energy  cutoff  for  electrons  in  our 
energy  analyzer).  While  this  cross  section  bound  is  smaller  than  might  be 

2l 

expected,  it  is  not  inconsistent  with  the  drift  tube  studies  of  llong  et  al . 
who  reported  EA(CO^)  “2.7  eV.  We  were  not  able  to  prepare  large  enough 
beams  of  CO^  when  only  CO2  was  introduced  into  the  source  to  attempt  the 
measurement. 


1 1- 
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U.  Tunable  laser  photodetachment 

Tho  lower  curve  of  Kit;.  3 shows  the  tunable  laser  photodctachmenl 
spectrum  of  0^  In  the  region  that  Includes  the  transitions  1^,  0-0,  and 
1^  us  the  strong  easily  identifiable  thresholds  in  the  photodetuchment 
spectrum. 

As  mentioned  in  the  experimental  section,  the  fast  electrons  are 
discriminated  against,  with  the  result  that  tin*  threshold  features  of 
the  spectrum  are  enhanced.  A second  consequence  Is  that  this  procedure 
gives  a somewhat  distorted  view  of  the  phot odet uehment  cross  section.  This 
distortion  is  by  and  large  an  artificially  flattened  out  appearance  beyond 
about  30  cm  ' above  a channel  opening.  In  reality  the  cross  section 
continues  to  rise  gently  In  this  region  until  a now  channel  opens  at 
which  point,  for  a strong  (eature,  the  cross  section  abruptly  rises  in 
the  manner  shown  in  the  I igure  lor  the  transitions  0-0  and  1^. 

Unlike  the  phot oul cc Iron  spectrum  which  has  peaks  corresponding  to  the 

positions  of  transitions  between  the  states  of  the  negative  ion  and  tho 

neutral,  the  photodetuchment  cross  section  shows  thresholds  at  each  new 

channel  opening.  Wigner  has  shown  that  the  threshold  energy  dependence 

71 

of  the  cross  section  is  a function  only  of  the  long  range  forces.  This 
leads  to  the  remarkably  simple  form 

..  . (2t+l)/2 
o(h)  « (L-Eq) 

when  the  only  important  long  range  force  is  the  centrifugal  barrier  to 
detachment.  Here  f Is  tho  angular  momentum  quantum  number  of  the 
leaving  electron  and  (F.-E-)  Is  the  photon  energy  minus  the  transition 
energy  (the  kinetic  energy  of  the  detached  electron).  Rruumnn  and 
coworkers  have  adapted  this  result  to  photodetachment  from  polyatomic 


molecules  by  deriving  group  theoretic  rules  for  predicting  the  lowest 


allowed  value  of  i based  on  the  irreducible  representation  of  the  highest 

occupied  molecular  orbital  (HOMO)  of  the  negative,  ion.  Assuming  that  the 

HOMO  of  the  negative  ion  is  the  lowest  unoccupied  molecular  orbital  of  the 

neutral  (the  b^  ti*  orbital),  the  lowest  allowed  value  for  £ is  determined 

to  be  0 by  Braum.in's  rules.  Therefore  the  detachment  partial  cross  section 

1/2 

at  a new  rovibronic  threshold  is  given  by  o « (E-E^)  , sharp  s wave 

detachment.  For  electrons  detached  from  dipolar  neutral  cores  the  electron- 


dipole  interaction  gives  rise  to  a long  range  potential  of  the  form 
-2 

P e cos  0 r , where  p is  the  dipole  moment  of  the  neutral  core,  a potential 

of  the  same  range  as  the  centrifugal  potential.  This  dipolar  term  can 

lead  to  the  "sharpening"  of  the  threshold  law  to  somewhere  between  an 

(K-F.y)^  and  an  (E-E^)^^  dependence,  as  Is  apparently  the  case  for  OH 

29  , - 

photodetachment  rotational  thresholds.  For  the  present  case  of  0.^ 

30 

detachment  it  is  believed  thaL  the  ozone  dipole  moment  of  0.5337  D is 
too  small  to  affect  the  form  of  the  threshold  law  and  we  assume  an  (E-E^)  ^ 
threshold  dependence  for  an  Individual  rovibronic  transition. 

We  model  a vibrational  channel  opening  in  the  photodetachment  spectra 
by  assuming  a cross  section  of  the  form 


o (E)  a l (E-E  ) 
i 


where  the  sum  is  over  all  allowed  asymmetric  top  rotational  transitions. 

The  electronic  state  of  neutral  ozone  is  of  vibronic  symmetry  and 
that  of  the  negative  ion  is  ; knowing  this  allows  us  to  classify  the 
individual  rovibronic  levels  according  to  their  irreducible  representations. 
For  Cjv  molecules  with  all  nuclear  spins  zero,  rovibronic  levels  labeled  A^ 


— r . -• 


■n- 


I>r  A,  have  a statistical  weight  of  one  while  those  labeled  llj  or  have  a 


stat  1st  leal  weight  of  aero 


20 


In  order  to  calculate  the  rotational  constants 


of  tlio  oxonlde  ion  we  take  the  known  averaged  bond  lengths  and  angles  for  the 

31  32 

ground  vibrational  atale  of  neutral  or. one  (r^  • 1.2792  X,  ■ 116,77") 

and  assume  for  the  negative  ion  that  r 10^  ) - r^(U^)  + 0.10  K and  «o(0j  ) - 
31 

a (Or, ) - 3.6".  The  result  of  the  calculated  modeling  of  the  vibrational 
o J 

channel  opening  1 a that  the  sharp  a-wnve  detachment  is  considerably  smoothed 
out,  in  good  agreement  with  the  shapes  seen  in  Fig.  3,  and  for  negative  ion 
temperatures  (~1000  K)  typical  of  our  ion  aource  the  apparent  channel  onset 
is  approximately  10  cm  ' below  the  true  band  origin.  We  therefore  add 
10  cm  * to  each  assigned  feature  in  the  phot odot achment  spectra  to  best 
approximate  its  true  origin. 

Similarly,  there  is  a rotational  correction  to  the  photoelectron 
spectra  peak  centers  to  obtain  a best  result  for  the  band  origin.  The 
effect  is  larger  in  this  case  since  we  must  wiuavel  a peak  center  (high  .i) 
rather  than  an  onset  (low  J).  Using  the  same  geometry  estimate  for  0^  as 


-1 


before  and  a temperature  of  1000“K,  tills  rotational  correction  to  the 
photoelectron  shows  that  the  origin  of  a peak  is  approximately  170  cm 
to  the  high  electron  energy  side  of  the  peak  center.  Thus  from  the 
photos leclron  spectra  the  electron  affinity  of  oeone  is  2.103(20)  eV 
(16962(160)  cm  *).  This  procedure  confirms  our  assignment  of  the 
photodetachment  threshold  at  16950  cm  ' as  an  origin  at  16960(20)  cm  *, 
the  0-0  hand  origin,  giving  KA(0()  - 2.1028(25)  eV.  This  is  our  recommended 
value  for  the  electron  affinity  of  oaone.  Figure  4 shows  a high  resolution 
scan  of  this  0-0  transition  in  the  photodetachment  spectrum. 

The  lower  energy  threshold  at  11978(20)  cm  1 Is  the  1^  transition, 
while  the  threshold  at  18057(20)  cm  * is  the  1^  transition.  We  have 


■--nWieMin  i -*-*  ■ -■  <• 
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thercfore  determined  from  the  photodetachmont  spectrum  that  (0^)  • 1100  (30)  cm 
The  photoelectron  derived  value  for  this  frequency  is  v^(O^)  - 1090(30)  cm  *. 
This  number  is,  of  course,  precisely  knov.ni  from  Infrared  spectra  to  be 
1103.15  cm  * * ; this  last  result  also  confirms  our  peak  identification. 

The  symmetric  stretching  frequency  of  the  negative  ion  from  the  photodetachment 
spectrum  is  982(30)  cm  * which  is  our  recommended  value  for  tills  constant. 

The  photoelectron  value  for  this  number  is  1040(60)  cm  ^ . Errors  in  the 
photodetachment  spectrum  analysis  include  an  inability  to  pick  out  reliably 
the  rather  gentle  threshold  to  better  than  15  cm  *,  and  failures  in  the 
rotational  modeling  of  the  threshold.  In  the  photoelectron  spectra  the 
major  sources  of  error  are  the  calibration  of  the  electron  energy  analyzer 
and  the  modeling  of  the  rotational  correction. 

The  lower  curve  of  Fig.  3 also  shows  a relatively  weak  sequence  0-0, 

1 2 

1^ , and  perhaps  some  higher  members  which  we  have  refrained  from  assigning. 

The  existence  of  this  sequence  servos  as  a further  check  on  the  assignment 
but  yields  essentially  no  new  information.  There  should  also  he  a sequence 
following  1q  of  Fig.  3.  However  the  quality  of  the  data  in  this  green  end 
of  the  spectrum  is  rather  poor  due  to  low  laser  power  and  we  have  made  no 
attempt  to  assign  this  sequence.  Table  I lists  all  the  assignments  from 
either  the  photodetachment  or  the  photodestruction  data  to  be  discussed  in 
the  next  section. 

The  photoelectron  spectra,  it  will  be  recalled,  show  no  progression 
at  all  in  v^»  whereas  harmonic  oscillator  Franck-Condon  analysis  of  the 
progression  (and  the  SO,^  spectrum  previously  mentioned)  suggest  that  the  v0 
progression  should  be  almost  as  strong  as  the  Vj  progression,  and  clearly 
seen  in  the  data.  Knowing  the  0^  neutral  symmetric  vibration  frequencies 
from  infrared  data  and  0^  stretching  frequency,  we  felt  confident  that 


L 
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the 2^  threshold  would  he  relatively  isolated  and  detectable  ~701  cm 
above  the  0-0  threshold. 

The  photodetachment  cross  section  of  l'ig.  3 shows  only  a very  weak 

threshold  which  is  assignable  as  that  belonging  to  2*  — one  bending  quanta 

of  0^  neutral  following  detachment.  The  resulting  symmetric  bending 

frequency  for  0^  neutral  is  720(40)  cm  ' compared  with  the  accurate 

lb  32 

infrared  value  of  700.96.  ’ As  can  be  seen  from  Fig.  3 the  threshold 

for  2^  is  approximately  20  to  100  times  less  intense  than  the  analogous 
feature  in  the  symmetric  stretch,  1^,  contrary  to  expectations. 

An  anomalous  weakness  In  photodetachment  transitions  involving  of 
the  negative  ion  also  occurs.  Figure  5 shows  the  photodetachment  spectrum 
between  the  1^  and  0-0  thresholds  taken  at  very  low  extraction  potential 
(the  neutral  channel  is  independent  of  this  parameter).  Based  on  the 
observed  intensity  of  the  1^  transition  (taking  into  account  any  other 
transitions,  e.g.  1^  which  might  contribute)  the  threshold  from  2^  should 
be  clearly  observable,  but  is  at  most  barely  detectable. 

Raman  spectra  of  M+0^  (whei’e  M“Li,  Na,  K,  Rb,  and  Cs)  in  an  argon 
matrix  Rive  the  symmetric  stretch  of  the  ozonide  ion  to  be  1012-1026  cm  1 
depending  on  the  identity  of  the  alkali  metal.  7 Single  crystal  Raman 
spectra  of  y-irradiated  KCiO^  and  NaC*0^  show  Vj(0^  ) to  he  between 
1012  cm  * and  1032  cm  ^ where  the  spread  is  dependent  on  site  effects 
in  the  crystal.  in  an  cases  these  numbers  are  slightly  greater 

than  our  free  ion  value  for  (0^  ).  We  therefore  expect  that  v^O.^  ) 
should  be  somewhat  less  than  the  matrix  values  of  587-619  cm  * but  still 
within  approximately  100  cm  * of  these  numbers. 

Even  though  ) thresholds  appear  to  be  very  weak,  the  strongest 

threshold  which  appears  in  the  region  roughly  600  cm  * below  the  0-0 


threshold  should  bo  2^.  We  thus  assign  the  threshold  In  the  photodetachment 
spectrum  of  Fig.  5 as  that  belonging  to  2^.  The  threshold  has  been  chosen 
by  determining  the  position  at  which  the  slope  of  the  photodctachmont  cross 
section  breaks.  The  feature  assigned  as  2^  gives  a frequency  of  ) as 

550(50)  cm  1 . The  vibrational  information  on  0^  and  0^  is  summarized  in 
Table  II. 

Cosby  et  al . ^ have  performed  a tunable  laser  photodissociation 
experiment  on  0^  which  shows  considerable  structure  in  the  cross  section 
for  dissociation.  They  interpret  this  to  mean  that  the  0^  is  dissociating 
from  vibrational  levels  of  a quasibound  excited  electronic  state.  They 
present  two  alternative  assignments  for  the  vibrational  frequencies  for 
the  ground  electronic  state  of  0^  : I,  v^(03  ) c 790(50)  cm  , 
v2<°3->  * 419(20)  cm"1,  and  II,  v (03“)  = 930(50)  cm-1,  v2(03~)  = 403(20)  cm" 
Neither  of  these  assignments  is  obviously  consistent  with  our  values 
cm"1  and  550(50)  cm  1 for  these  frequencies. 


982(30) 
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C.  Tunable  laser  photodesiruct Ion 

The  upper  curve  of  Kip.  3 shows  the  photodestruction  cross  section  as 
n function  of  photon  frequency.  The  relative  scales  of  the  photodcst ruction 
and  the  photodetnehment  cross  sections  are  obtained  from  the  absolute  counts 
of  neutrals  and  electrons.  The  scaling  is  based  on  an  approximate  determination 
of  the  relative  efficiency  of  the  two  detectors  and  is  only  accurate  to  within 
a factor  of  3.  It  is  clear,  however,  that  the  total  photodestruction  cross 
section  is  at  least  an  order  of  magnitude  greater  than  the  photodetachment 
cross  section. 

The  data  of  Fig.  3 point  out  one  thing  immediately,  namely  that 

features  which  show  up  strongly  in  photodetachment  have  at  most  only  a 

minor  effect  on  photodestruction.  Thus  the  photodestruction  cross  section 

3 -2 

is  a measure  of  the  photodissociation  of  0„  into  0..  ( l ) and  0 ( P) , the 

J * K 

energy  allowed  channel.  This  dominance  is  consistent  with  the  photodestruction 

measurements  of  Cosby  e t a 1 . The  shape  of  our  photodestruction  cross 

section  agrees  well  with  that  of  Cosby  et  al. ? if  the  less  thermally 

relaxed  nature  of  our  ions  is  taken  into  account. 

Strong  photodetachment  thresholds  make  little  impact  upon  the  total 

photodestruction  cross  section.  The  magnitude  of  the  total  photodetachment  cross 

section  suggests  that  the  2q  (nil)  photodetachment  thresholds  are  anomalously 

weak,  rather  than  the  1q  being  strong.  To  seek  an  explanation  of  this  observation 

1 2 

we  have  drawn  vertical  lines,  2^,  2^,  on  Fig.  3 not  associated  with  any  threshold, 
but  rather  at  the  apectroscopically  known  energies  above  the  now  known  0-0 
threshold.  We  note  that  at  both  of  these  locations  (the  mdv  places  in  Fig.  3 
where  thcro  arc  spectroscopically  known  2n  thresholds)  there  is  an  apparent 
threshold,  i.e.,  a change  in  slope,  in  the  photodestruction  cross  section. 

This  observation  suggests  that  bending  might  promote  dissociation  when 
events  arc  expected  to  produce  0^  (Vj , v^O.v^)  4-  c. 
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IV.  DISCUSSION 

A.  Klcctron  affinity  of  ozone  and  its  thermochcmical  implications 
Various  studies  have  been  undertaken  in  the  past  to  measure  the 

electron  affinity  of  ozone.  These  studies  include  photodetachment  with 

9 10  34 

filtered  light,  ’ collisionnl  ionization  experiments , an  indirect 

4 

measurement  by  collisionnl  bond  dissociation,  a crystal  lattice  energy 
calculation,^  and  a C.I.  level  calculation  of  the  vertical  electron  affinity. 

Further,  reactive  thermochemical  equilibrium  studies  carried  out  in  a variable 

2 3 37 

temperature  flowing  afterglow,  and  endothermic  charge  transfer  experiments’’ 

lead  to  lower  limit  estimates  of  EA(0o).  These  values  range  from  1.82  eV 

(a  lower  limit)  to  2.26  eV  (also  a lower  limit).  Our  value  of  EA(O^)  *= 

2.1028(25)  is  consistent  with  most  of  the  previous  studies, 

but  more  accurate.  These  data  are  summarized  in  Table  HI. 

We  cannot  clear  up  the  thcrmochemical  inconsistencies  noted  in  the 

introduction  but  we  can  use  our  new  value  of  the  KA(O^)  to  eliminate 

one  of  the  previously  imprecise  inputs  to  the  cycles.  As  an  example, 

we  recalculate  the  electron  affinity  of  CO-j”  using  both  the 

2 

data  of  the  flowing  afterglow  experiments  and  that  of  the  photodissociation 

_ 30 

spectroscopy  of  CO^  . The  electron  affinity  of  CO^  can  be  calculated 
with  the  formula 

EA(C03)  - +D(C02-0~)  - D(C02-0)  + EA(O) 

where  the  dissociation  energy  of  CO^  to  C02  + 0 is  known  to  be 

39  12 

0.46(17)  eV  and  the  electron  affinity  of  oxygen  is  1.462(3)  eV. 

The  flowing  afterglow  experiments  indicate  that 
D(C02-0~)  - D(02-0~)  X 0.58  eV 
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Using 

d(o2-o")  - ea(o3>  + D(02-0)  - EA(O) 

40 

where  the  dissociation  of  0^  to  0^  + 0 is  known  to  be  1.05(2)  eV,  we 
employ  the  flowing  afterglow  results  to  predict 

EA(C03)  i 0.58  eV  + EA(03)  + D(02~0)  - l>(C02-0) 

Thus  EA(C03)  i 3,27(17)  or  rigorously  3.08  eV  for  a true  lower  limit. 

38 

The  photodissociation  experiments  measure  1.85  eV  to  be  an  upper  limit  to 

< 

— - I 

the  dissociation  energy  of  C03  to  C02  + 0 . The  first  of  our 

thermoi  hern i cal  formulae  gives 

I 

EA(CO-)  s 1.85  eV  - D(CO  -0)  + KA(0) 

J 


or  EA(C03)  < 2.85(17)  or  rigorously  3.02  eV  for  a true  upper  limit.  It 

should  be  noted  that  in  both  determinations  of  the  electron  affinity  of 

C03  the  major  source  of  error  is  in  the  dissociation  energy  of  neutral 

(X>3  and  that  to  obtain  the  rigorous  bounds  the  error  of  this  measurement 

had  to  be  subtracted  in  the  first  case  and  added  in  the  second.  Since 

there  is  only  one  true  value  for  this  dissociation  the  disagreement  between 

the  two  determinations  of  EA(CC>3)  is  the  large  value  0.42  eV  and  not 

the  difference  of  the  rigorous  bounds.  Obviously  at  least  one  of  these 

numbers  is  incorrect.  Collision  induced  dissociation  studies  on  C03  by 

52  - 

Tiernan  and  coworkers  indicate  D(C02~0  ) * 2.5  eV,  and  speculate  that 

38  — 

the  studies  of  Moseley  et  al . relate  to  an  excited  state  of  CO^  • This 

38 

possibility  is  not  confirmed  by  studies  of  the  SRI  group. 


B.  The  S-ructurc  of  0^ 

It  Is  possible*  to  extract  structural  information  on  0^~  from  the 
Franrk-Condon  intensity  progression  of  the  symmetric  stretch  displayed 
in  Fig.  2.  In  the  Franck-Condon  approximation  the  vibrational  band  intensity 
is  given  by  the  square  of  the  overlap  integral, 


F(vl ' * v2'»  v3’,  vx,  v2.  v3) 


\ • <V ' > \ • < V ' > \ ■ «3 1 ' ) \ > \ < V \ <Q3)«IQ1<lQ2dV3 


where  the  unprimed  variables  represent  03  and  the  primed  variables  represent 
03>  The  vibrational  wavefunctions  are  functions  of  the  normal  coordinates 
where  i = 1,2,3  are  the  symmetric  stretch  (A^  under  C2v) , symmetric 
bend  (A^)  and  asymmetric  stretch  (1J2) . The  \|»'s  are  one  dimensional 
harmonic  oscillator  functions  and  the  integral  is  arbitrarily  taken  over 
the  03  coordinates.  Duschinsky*^  first  showed  that  the  Q'  can  be 
expressed  in  terms  of  the  Q by  the  expression 

Q'  = J Q + K 

where  J is  (usually)  an  orthogonal  matrix  and  is  block  diagonalized  by 

irreducible  representations  and  the  K vector  has  non-zero  elements  only 

for  totally  symmetric  modes.  This  means  that  our  overlap  integral 

factors  into  a two  dimensional  integral  over  and  Q2  times  a one 

42 

dimensional  integral  over  Q3*  Botter  and  Rosenstock  have  shown  that 
the  matrix  .1  and  the  vector  K can  be  expressed  as 

J * L’"1  Z L and 

* =s  c cs 

K « L'"1  R 


-21- 


vherc  Z and  H are  functions  only  of  the  geometries  of  the  molecule  in  the  primed 

and  the  unprimed  states  and  L and  ].'  arc  the  standard  L matrices  of  normal 

43 

mode  analysis  that  connect  symmetry  and  normal  coordinates.  Botter  and 
42 

Roscnstock  explicitly  present  Z and  R for  the  case  of  C£v  symmetry. 

4 3 

This,  plus  standard  normal  mode  analysis,  is  all  we  require  to 
calculate  the  overlap  integrals  F(v|, 0,0«-  0,0,0)  under  the  harmonic 
oscillator  approximation.  We  assume  that  the  stretching  force  constant 

of  0^  is  3.8  mdyne/A  and  that  the  harmonic  frequencies  of  0^  are 

-1  -1  -1  17  44 

* 1010  cm  , 0*2  = ^OO  cm  , «*  800  cm  . ’ These  values  are 

only  approximations  of  the  harmonic  frequencies  since  we  have  measured 

the  fundamental  frequencies  and  hut  have  no  information  on  the 

enharmonic  constants;  ui^  is  taken  from  the  matrix  work.  This  does  not 

in  fact  much  matter  since,  as  in  one  dimensional  Franck-Condon  analysis, 

the  overlap  integrals  are  only  weakly  influenced  by  force  constants  and 

strongly  by  geometry  differences  (here  J is  not  very  important,  but  K is 

and  K is  only  a function  of  neutral  0^  normal  mode  analysis  and  the 

geometries  of  0,  and  0_  ).  For  0.  ’ we  take  r = 1.2717  X,  a = bond 

J j J 6 B 

angle  = 116.78°,  stretching  force  constant  = 6.163  mdyne/A,  stretch-stretch 
interaction  constant  **  1.602  mdyne/A,  angle  bending  force  constant  = 2.102 
mdyne/A,  and  bend-stretch  interaction  constant  = 0.511  mdyne.  In  the  0^ 
calculation  the  last  three  force  constants  are  determined  by  the  three 
assumed  harmonic  frequencies. 

The  two  dimensional  Franck-Condon  integrals  are  calculated  numerically 
for  various  possible  choices  of  the  bond  angle  and  bond  distance  for  0^  . 

The  experimental  data  to  be  fit  are 
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[F(100--  000)/K  ) 2 1.45  (10) 

[ F(200  «-  OOOj/F^  ] 2 - 1.84  (10) 

[ F(300«-  000) /Fq]  2 = 1.32  (10) 

F = F(000  i-OOO) 
o 

where  the  peak  heights  were  obtained  from  Fig.  2 by  fitting  the  spectra 

with  gaussian  peak  shapes.  Unfortunately  it  turns  out  that  given  the 

experimental  uncertainty  in  the  peak  heights  and  the  uncertainty  in  the 

input  to  the  normal  mode  analysis  of  0^  we  cannot  pinpoint  an  rg,  ag 

for  0o  , but  rather  we  can  find  a locus  of  r , a points  that  docs  a 

reasonable  job  of  fitting  the  data.  These  points  range  smoothly  between 

(r  = 1.36  A,  a = 118°),  (r  = 1.38  A,  a = 116V),  (r  = 1.40  A,  = 115°), 
e c 6 o 'd  c 

(re  “ 1.42  A,  ae  = 114°)  and  extend  somewhat  on  either  side  of  this  line. 

It  is  expected  from  molecular  orbital  arguments  that  the  bond  length  of 

I 

0^  is  greater  than  that  of  0^  (1.27  A)  and  the  bond  angle  is  less  than 

33 

that  of  0^  (117°).  Cederbaum  et  al.  calculate  that  the  bond  length 

of  0^  increases  by  0.10  A and  the  angle  decreases  by  3.6°  upon  electron 

attachment.  The  matrix  data  gives  the  bond  angle  of  0^  to  be 

108  ± 5®  ^ and  110  ± 5°.  ^ Andrews  and  Spiker^  estimate  the  0^ 

bond  length  to  be  1.38  ± 0.04  A by  comparing  the  stretching  force 

constant  of  0^  from  their  matrix  work  to  the  bond  lengths  and  force 

2- 

constants  for  0^  and  O2  . We  find  a relationship  between  allowed  r^ 

And  c»e  dictated  by  the  Franck-Condon  analysis  which  is  approximately 
ag  ■ (210.5  degrees  - 68.  degrees/A * r ) ± 1°. 


* 


C.  Fhotod issociat ion  of  0^ 

Experimentally  we  find  that  first  v^  photodetachment  transitions  are 

suppressed  by  a factor  of  20-100  for  2^  processes  and  by  a factor  of  3-20 

for  2*^  processes,-  compared  to  analogous  v transitions.  Second, 
n 1 

photodissociation  dominates  detachment. 

The  photodissociation  data  suggest  that  the  "missing"  intensity  in 
the  photodetachment  cross  section  appears  as  threshold  features  in 
photodissociation.  This  observation  leads  us  to  imagine  that  v2  of  an 
intermediate  state  is  either  along  the  dissociating  coordinate  or  promotes 
to  a dissociating  state. 

The  valence  configuration  of  0^  in  C2v  symmetry  can  he 

represented  by45  Oa^2^)2^)2^)2^)2^)2^)2^)2^)2^  ) 

where  a^ , and  b2  are  the  standard  irreducible  representations  of 

C2v  and  the  coefficient  orders  the  occurrence  of  orbitals  of  the  same 

symmetry.  The  ground  state  as  written  above  has  overall  electronic 
2 

symmetry  of  B^. 

The  two  lowest  excited  electronic  state  which  may  be  involved  in  the 
photodissociation  process  both  involve  electron  promotion  into  the  half 
filled  2b^  orbital: 


f 


+ hv  •+■  i 


or 


•••  (4b2)2(6a])2(la2)1(2b1)2 
•••  (4b2)2(6a1)1(la2)2(2b1)2 


Cosby  et  al. , in  their  study  of  0^  photodissociation,  assign  the 
dissociating  state  to  be  one  of  the  above  states.  As  Zare  and  coworkers 
have  pointed  out  in  a discussion  of  Ci.0„ , 


which  is  isoelectronic  with 


-Iti- 


0  ”,  putting  electron  density  in  the  21^  orbital  simultaneously  promotes 


bending  of  the  terminal  oxygens  and  weakens  bondings  to  the  central  atom. 
This  is  due  to  nodes  between  the  central  atom  and  terminal  oxygens  but 


no  node  between  terminal  oxygens  in  the  2b  ^ orbital.  This  suggests  that 


3 _ 

v_  bending  leading  to  formation  of  0„(  E ) from  the  terminal  oxygen  of 

JL  ^ o 


03"  and  0 ( P)  from  the  central  oxygen  might  be  a reasonable  model  for 


0~  photodissociation. 


If  dissociation  indeed  occurs  by  elimination  of  the  central  0 , forming 
^2  ^ joining  together  the  two  terminal  0 atoms,  we  may  be  specific  about 
the  electronic  symmetry  of  the  states  involved.  As  noted  above,  we  expect 


2 2 

the  dissociating  state  to  be  either  or  A^.  The  products  are 


- 2 3 - 

0 ( P)  and  02(E).  If  the  dissociation  occurs  in  the  manner  suggested, 


overall  C2V  symmetry  is  retained,  and  we  can  examine  the  possible  product 
symmetries  in  this  group.  In  this  way  we  can  determine  which  of  the  states 


2 2 2 

of  03  can  dissociate  Lo  0 + 62*  The  0 auiou  has  either  A^,  B^,  or  B2 


symmetry,  while  the  O2  molecule  has  symmetry  (the  molecule  is  oriented 
with  the  C2  axis  passing  perpendicularly  through  the  diatomic  molecular 
axis).  Thus  only  three  overall  doublet  symmetries  can  results  from  this 


2 2 1 2 2 
dissociation:  A2,  l^,  and,  . This  excludes  the  choice  of  a A^  state 


as  the  precursor  of  these  products,  and  the  only  likely  state  for  dissociation 


is  the  A2 . 


An  Interesting  consequence  of  the  above  model  and  demanding  conservation 
of  orbital  symmetry  is  that  a cyclic  ozonide  species,  however  transient, 
must  exist  along  the  dissociation  path.  This  arises  from  0^  having  eight 
electrons  of  a^  symmetry  and  bix  electrons  of  bj  symmetry  in  its  valance 


1  - 2 

shell  while  the  combination  of  0_('E  ) + 0 ( P)  has  a total  of  ten  electrons 

2  g 


« 


of  and  four  electrons  of  62  symmetry  in  the  valence  shell.  In  D^( 

symmetry,  that  of  cyclic  ozonidc,  a^  and  b2  orbitals  can  become  degenerate 

and  mix,  allowing  the  photodissociation  fragments  to  leave  with  the  proper 

1 

number  of  electrons  of  each  symmetry. 

Zare  and  coworkers  likewise  predict  central  atom  attack  by  incoming 

4 6 

alkaline  earth  metals  on  excited  CiO.,.  They  picture  an  electron  jump 

from  the  metal  atom  to  CIQ.^  that  fills  the  2b^  orbital,  facilitating 

the  attack  of  the  central  Cl  by  the  incoming  metal  cation.  We  note  that 
44 

Jacox  and  Milligan,  in  somewhat  the  reverse  experiment,  produced  0^ 

1 8 18 

in  an  argon/0,,  matrix  with  a source  of  0 from  enriched  Nj  0 + metal  + 

uv  light.  They  found  substantial  amounts  of  , but  interpreted 

18"*  .16 

this  as  end-on  attack  of  0 + O2  followed  by  photodissociation, 

scrambling,  and  recombination.  Recent  results  of  Meisels  and  coworkers^ 

on  photoionization  of  SC>2  shows  that  bending  quanta  transitions  which 

+ + 
should  result  in  excitation  of  SO ^ Instead  produce  S . 

Wlille  the  model  presented  to  explain  0^  photodissociation  fits 

nicely  into  a consistent  pattern,  it  may  be  that  \>2  vibrations  promote 

dissociation  along  the  asymmetric  coordinate.  The  2^  photodetachment 

transitions  ure  unexpectedly  weak  for  this  model  and  not  all  2™  n,m>0 

transitions  have  been  found  in  the  photodissoc iation  spectrum.  In 

addition,  the  symmetry  labels  of  the  electronic  orbitals  are  not  rigorous 

and  the  exact  dynamics  of  the  photodetnchment/photodissociation  process  are 

not  well  understood;  therefore  the  process  0^  + hv  ->  Oj  + 0 need  not 

conserve  orbital  geometry.  It  is  possible  that  vn  then  only  provides 

either  a coupling  or  a facile  geometry  for  dissociation  in  the  asymmetric 

coordinate. 


r 
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Nelthcr  model,  uh  presented  so  far,  explains  why  neutral  O-^fv^) 

quantum  numbers  and  frequencies  should  provide  a convincing  description  of 

0 3 pholodlssoclat ion,  or  why  photodissociation  dominates  photodetachment. 

Although  the  exact  description  lies  buried  in  the  quantum  description  of 

the  photodetachment /photodissociation  process,  a starting  point  is  to 

consider  that  upon  absorption  of  a photon,  0^  is  excited  to  a complex 
- 2 2 

state  0^  B^  + hv  -*■  (0^  + e)  The  complex  can  be  viewed  as  arising 

from  the  ahility  of  the  electron  to  make  large  excursions  from  the  nuclei 

before  the  nuclei  react  to  the  absorption  of  the  photon.  For  example, 

consider  the  situation  where  the  photodissocintion  and  the  photodetachment 

channels  are  both  closed  and  for  the  case  of  photodetachment  the  energy  is 

only  slightly  below  threshold.  The  electron  can  then  make  a large 

excursion  from  the.  nuclear  frame  before  its  kinetic  energy  is  overcome 

48 

by  the  attractive  potential  of  the  system.  (So.e  Ran  and  Fano  and 
references  therein  for  complex  formation  in  the  case  of  photodetachment 
from  atoms.)  The  further  the  electron  is  removed  from  the  core  0.(,  the 
more  closely  the  vibrational  frequencies  should  resemble  0^  rather  than  0^  . 

Given  the  difficulties  in  determining  the  detailed  dynamics  of  a 
complex  system  the  best  that  can  he  said  about  the  photodotnehment ( 
photodissociation  process  in  0^  Is  the  following.  0^  absorbs  a photon 

VV  + hv  - <03  + e“> 


2 

to  • complex  of  Aj  symmetry.  There  are  two  competing  channels  for  the  03 
complex,  detachment  and  dissociation 


(2a2)  - 


03(1A1)  + e" 

0„(V)  + 0”(2P) 

2 g 


r 


..iA.  - 


J 


1 


-27- 


Dlasociatlon  is  fast  compared  with  photodetachment  and  might  either 
proceed  or  be  aided  by  motion,  other  than  zero  pt,  in  the  bending 
coordinate  of  the  neutral-like  species. 


D.  Excited  electronic  states 

2 

In  the  previous  section  we  invoked  the  existence  of  a excited 
electronic  state  of  0^  to  explain  the  dissociation  of  the  ion  into 
Oj  + 0 . This  state  was  implicitly  assumed  to  be  very  short  lived  on 
the  time  scale  of  our  experiment.  Long  lived  excited  states  of  the  oxonide 
ion,  which  for  us  means  t > 5 nsec,  would  appear  as  peaks  of  high  electron 
kinetic  energy  in  the  photoclectron  spectrum.  We  see  no  evidence  for 

such  a state.  Cosby  et_jrl. ^ in  their  study  of  the  photodissociation  of 

_ 2 
0^  assign  features  in  their  spectra  to  the  state  wc  would  assign  as  A^. 

Tiernan  and  coworkers  find  evidence  for  vibrational  excitation  of  the 

ozonide  ion.^  In  their  experiment,  different  thresholds  were  observed 

for  the  collision  induced  dissociation  of  0^-  depending  on  the  mode  of 

production  of  the  ion.  Their  ion  flight  time  implies  lifetimes  on  the 

order  of  several  microseconds  or  greater.  The  greatest  excitation  was 

produced  by  electron  Impact  on  mixtures  of  0^  and  ^0,  whereas  the  ground 

state  was  formed  using  mixtures  of  0^  and  H^O.  NjO  is  here  primarily  a 

source  of  0 and  thus  our  preparation  of  0^*  from  "neat"  ozone  is  most 

closely  analogous  to  Tiernan's  excited  state  production  scheme.  The  reason 

for  tlus  different  degrees  of  excitation  is  not  at  all  obvious.  If  we  had 

produced  substantial  populations  of  an  excited  state  of  0^  with  a lifetime 

of  10  pace  we  probably  would  have  observed  it  in  the  photoclectron  experiment, 

since  approximately  30  psec  elapse  between  ion  formation  and  interaction 

with  the  laser  beum. 

I 
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The  excited  state  of  neutral  ozone  that  we  find  in  the  UV  photo- 

-u 


electron  spectrum  is  perhaps  0.7  to  1.1  eV  (6000-9000  cm  ) above  'the  ground 
state.  While  we  can  make  no  assignment  of  the  few  indistinct  peaks  observed, 
it  appears  that  the  peaks  associated  with  detachment  to  this  state  are  more 
closely  packed  than  can  be  explained  by  a progression  in  the  symmetric 
stretch  alone.  It  is  likely  that  here  a V£  progression  is  responsible  for 
the  "extra"  peaks. 


The  calculations  on  the  state  of  neutral  ozone  at  the  present 


time  put  the  state  at  quite  different  energies.  Burton  and  Harvey 


21 


22  23 

predict  it  to  be  0.2  eV  above  the  ground  state,  Hay  et  al . ’ at  least 


1.4  eV  above,  Wright^1  2 eV  below,  and  Shih  etal.^  0.65  eV  above  the 


ground  state.  There  are  other  C£v  excited  states  of  0^  that  are  also 


3 22  50 

possible  candidates  including  a low-lying  (1.0-1. 4 eV)  B^,  ’ which  is 


not  optically  accessible  from  the  ground  state. 


-= i 


--**■*■  ■ 


— 2*>- 


? 

V.  SUMMARY 

We  have  measured  the  electron  affinity  of  ozoqe  EA(03)  ■ 2.1028(25)  cV, 
and  the  symmetric  stretching  and  bending  frequencies  of  the  ozonlde  ion 
to  be  982 (30 ) ‘ cm"”*  and  550(50)  cm~*,  respectively.  Two  dimensional  harmonic 
Franck-Condon  analysis  gives  the  bond  length  of  the  negative  ion  to  be  greater 
and  the  angle  to  be  slightly  less  than  that  of  the  neutral.  While  no  evidence 
was  found  for  a long  lived  excited  electronic  state  of  the  ozonide  ion, 
a new  excited  electronic  state  of  neutral  ozone  is  revealed  perhaps 


0.7  to  1.1  eV  above  the  ground  state.  The  lock  of  a strong  bending  mode 
in  detachment  suggests  a dissociating  mechanism  whereby  0^  dissociates 
to  0_  + 0 via  the  bending  coordinate.  Attempts  to  measure  the  electron 
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Table  1.  Sped  roscoptc  assi  pniuont  s from  the  tunable  laser 

OXOO  I'  illli'll  l u 


Kri'<|ueiuy  t 10  cm 


Ass  !j'ii went  Derived  Constant 


lV)/«(?0) 

vy  - 

<J8?(  10) 

det 

1 M 1 r>  ( TO) 

,« 

1 

vi;  « 

5S0(‘>0)‘’ 

DET 

16'K>0(20) 

0-0 

ka(o3) 

1 0000(20)° 

ni  "r 

1 7070 ( TO) 

*! 

vy  - 

yjocAo)'1 

det 

1 7200 (30) 

>i 

vi  - 

y.°.o(Ao)(l 

DET 

1 708 1 (TO) 

20 

V2  " 

720(40) 

DKS/DKT 

1 HOW  (20) 

vi  " 

1 100 (TO) 

DET 

This  10  cm  is  a rotational  rorrod  ion  (see  to 
Double  primes  refer  to  0.^;  siuj;le  prime  to  0.^ 
Our  recemineuded  value 

'v;  «=  HOT  cm  ^ used  in  deriving  this  result 
1)KT  is  phot  octet  aehment  ; DKS  is  phot  odes  t met  ion 
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Tab  1 c II,  Vlbratlon.il  frequencies  of  0^  and  0^ 


. * * • v-*<»  ■»  % • .>j.«  • • • tr  -»  • « • • ■»■■■  -mm  « • i 

Vibrational  Frequency 

Reference 

Symmetric  stretch 

of  neutral  ozone  (cm  ^) 

1100(30) 

photodetachment  (present  study) 

1090(30) 

photoelectron  (present  study) 

1103.15 

15,16  infrared  spectra 

Symmetric  bend  o 

f neutral  ozone  (cm  ) 

720(40) 

photodestruction  & photodetachment 
(present  studv) 

700.96. 

15,32  infrared  spectra 

Symmetric  stretch 

of  the  ozonlde  ion  (cm  ^) 

982 (30)a 

photodetachrocnt  (present  study) 

1040(60) 

photoelectron  (present  study) 

790(50)  or  928(50) 

5;  photodissociation 

1012-1026 

17;  matrix  Raman  spectra 

1012-1032 

18,19;  single  crystal  Raman  spectra 

Symmetric  bend  of 

the  ozonide  ion  (cm  ^) 

550(50)a 

photodestruction  (present  study) 

419(20)  or  403(20) 

5;  photodissociation 

587-619 

51 ; matrix  infrared  spectra 

aRecommended  values 


a,  .. 

ritafa  ■■  ■ ■ -... 
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Tab  le  III.  Electron  affinity  of  ozone 


• t 1 »-*  -■  * *'•  rw 

Electron  Affinity  (eV) 

Reference 

2.1028(25)” 

photodetachment  (present  study) 

2.103(20) 

photoelectron  (present  study) 

1.99(10) 

9;  photodetachment 

*1.82 

2;  ("true"  lower  limit) 
reactive  thermochemical 
equilibria  in  a flowing 
afterglow 

*2  26  +0-°4 
-0.06 

3;  (lower  limit)  endothermic 
charge  transfer 

2.1(1) 

10;  photodetachment 

2.14(15) 

34;  collisional  ionization 

*1.96 

37;  (lower  limit)  endothermic 
charge  transfer 

1.9(4) 

.35;  lattice  energy 

2.12 

36;  C.I.  calculation 

vertical  electron  affinity 

2.2(1) 

4;  translational  energy 
threshold  for  bond 
dissociation 

A 

0\>r  recomnendcd  value 


I j 

i.  * 

I 


t 

l 
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Fig.  1 


Fig.  2 


Fig.  3 


Fig.  4 


Fig.  5 


Fir.UKK  CAPTIONS 

. Photoelerr ron  spectrum  of  0^  . The  photon  energy  is  2.540  eV 
(A88  nin).  The  peak  labeled  0-0  is  the  vibrational  origin,  and 
the  vibrational  notation  is  defined  in  the  text.  The  large  peak 
at  1,07  eV  is  due  to  0 detachment,  the  0 being  produced  by 
photodissociation  of  0^  . 

. Photoelectron  spectrum  of  0^  . The  photon  energy  is  3.407  eV 
(363.8  nm) . The  progression  from  Fig.  1 is  further  developed. 

There  are  also  a series  of  vibrationally  unassigned  peaks  at 
low  electron  kinetic  energy  that  are  due  to  a new  electronic 
state  of  neutral  ozone. 

. Photodestruction  (upper  curve)  and  photodetachment  spectrum 

(lower  curve)  of  0^  . The  relative  scales  of  the  two  cross 

sections  are  obtained  from  the  absolute  count  rates  of  neutrals 

and  electrons  and  from  an  estimation  for  the  relative  efficiencies 

of  the  two  detectors  and  should  be  taken  as  an  approximation  only. 

The  vibrational  notation  is  defined  in  the  text.  The  features 

1^,  0-0,  lj,  1^,  2q  and  1^  are  assigned  from  the  photodetachment 
2 

cross  section;  2q  is  placed  at  the  position  expected  on  the 
basis  of  known  frequencies. 

. High  resolution  photodetachment  cross  section  in  the  region  of 
the  vibrational  origin  (Electron  Affinity  of  ozone).  The  laser 
llnewldth  is  1.3  cm  . 

. Low  resolution  photodestruction  (upper  curve)  and  photodetachment 
cross  sections.  The  electron  extraction  field  is  set  low  so  as  to 
detect  only  very  low  energy  electrons.  This  allows  us  to  bring  out 
the  weak  feature  2^  in  the  photodetachment  curve  not  seen  in  Fig.  3. 
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